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The studies described in the present thesis were performed to investigate the
interaction between genetic and developmental neuroendocrine factors underlying the
individual variation in adult aggressive behavior. In all experiments selection lines of
wild house mice were used. These lines were genetically selected for aggressive
behavior based upon attack latenry in a standard resident-intruder paradigm [van
Oortmerssen & Bakker, 19811. The short (SAL) and long (LAL) attack latency mice
represent the extremes of the natural occurring bimodal distribution of aggression
within a house mouse population [van Oortmerssen e/ al., 1985]. In nature both
mouse types, and thus the variation in aggression, are functional for a population to
survive [van Oortmerssen & Busser, 1988]. Hence, SAL and LAL mice are a proper
animal model to study the ontogeny of functional differences in aggressive behavior.
Indeed, the reported studies provided new insight into the interaction between genes
and neuroendocrine development in relation to adult brain functioning and aggressive
behavior. The studies presented in this thesis allow one major conclusion: the
perinatal developmental pattern of gonadal steroids in combination with the
development of their intracellular processing and receptor bound mechanisms of
action in the central nervous system seem to play an important role in the adult
expression of genetic differences in intermale aggression. In the present chapter, this




8.1 Adult testosterone effects on the central nervous svstem
The first specific question of this thesis dealt with the adult differentiation of
testosterone (T)-dependent systems in the central nervous system (CNS) of SAL and
LAL mice. The experiments described in chapter 2 and 3 were aimed to study the T-
dependent vasopressinergic projection from the bed nucleus of the stria terminalis
(BNST) to the lateral septum (lS), as cellular marker of hormone action, and the
aromatization of T in the brain, as major functional step of androgen processing.
Chapter 2 reported on the distribution and density of the adult BNST-IS VP
projection. This VP system appears to depend on circulating T in the wild house
mouse too, i.e. the septal VP content diminished after castration at adulthood
(chapter 6). Therefore, in these early experiments VP-ir in the BNST and the LS was
regarded as a reflection of CNS action of androgens. Intact non-aggressive I-AL males
exhibited a more dense VP-ir innervation of the LS and a higher VP-ir neuron
density in the BNST, as compared to the SAL mice. Not only the density of the VP
system, but also the VP-ir per fiber was higher in the LAL males. Because, the levels
of circulating T were identical, these results indicate that brains of adult LAL males
are more sensitive to endogenous androgens than the SAL brains. The fact that VP in
the tS is stimulated by estradiol (Er) as well [de Vries ef al., 1986], suggests that the
aromatization of androgens might be an important factor in the differential CNS
sensitivity to T.
To gain more insight in which way T exerts its differentiated effects on the
adult SAL and LAL brains (see 1.4.2), the brain aromatization of T was studied and
described in chapter 3. Analysis of the results revealed that the in vitro aromatase
activity (AA) in the preoptic area (POA) is higher in L,AL males than SAL males. No
significant differences were found in the other brain areas, including the ventromedial
hypothalamus (VMH), amygdala (Am), and parietal cortex. The higher POA AA
implies a higher E, formation in this particular brain area in the LAL males,
assuming that the aromatase substrate is equally available. However, adult SAL males
have higher plasma-T levels, higher seminal vesicle weights [van Oortmerssen et al.,
19871, and a larger percentage of testicular Leydig cells [de Ruiter et al., 19921, as
compared to non-aggressive LAL males. Accordingly, higher AA levels in the I-AL
POA not necessarily mean higher E, formation.
Moreover, since T has an important role in inducing brain AA [Balthazart &
Foidart, 1993; Hutchison, 1993; Roselli & Resko, 1993; Schlinger & Callard, 19901 via
the androgen receptor (AR) [Roselli & Resko, 1984], these results indicate that LAL
tt6
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males posses a higher AR sensitivity at least in the POA. A higher AR sensitivity in
I-AL mice might also occur in the AM and VMH, because no variation between both
strains exists in Am AA and VMH AA, whereas lower plasma T levels exists in LAL
males. The higher androgen receptor sensitivity of LAL males has been found indeed
in a recent pilot experiment [Compaan & Brinkmann', unpublished data]. In these
experiments adult LAL and SAL males were castrated and the binding capacity of
fH]-R1881 (methyltrienolone, a potent non-aromatizable synthetic androgen [Doering
& L*yra, 19841) was measured in the pooled (n = 8) cytosolic fraction (ARc) of
mediobasal hypothalamus, POA, caudal septum, and amygdala of SAL and LAL
mice. The ARc binding capacity appears to be higher only in the septal area of LAL
males, as compared with SAL animals (Fig. 8.1). The lack of a difference between
SAL and LAL animals in ARc binding capacity of the other brain areas should be
interpreted with care, because castration, as done in this study, results in a
translocation of AR from nucleus to cytosol [McGinnis et al., 1983; Wood &
Newman, 19931. Accordingly, no distinction can be made between functional and
normally unoccupied receptors. Hence, future experiments should focus on the
nuclear AR binding capacity, in order to determine a functional difference in the AR
system. As will be discussed later, these receptors may play a central role in the
explanation of the results presented in this thesis.
Another recent experiment also points to a differential involvement of gonadal
steroid receptors. Pubertally gonadectomized SAL males (and females (chapter 5))
react with a stronger increase in adult aggressive behavior than LAL males after a
standard dose of E, [Sluyter et al., 19931. This indicates that the effects of T on
aggressive behavior as observed by van Oortmerssen et al., [1987] are mainly
mediated by CNS estrogen receptors, rather than androgen receptors. The low E,
CNS sensitivity in the LAL males explains the fact why higher AA and consequently a
possible higher E, formation does not result in higher aggressiveness.
In conclusion, these experiment lead to the hypothesis that adult SAL and
LAL animals differ in CNS sensitivity to gonadal steroids. A differential CNS
responsiveness to T or E, between mice strains agrees well with other previously
reported studies [Simon et a|.,1993: Simon & Whalen, 1986]. This raises the question
on the origin of the differential CNS sensitivity. The experiments concerning the
TThese experiments are carried out at the Dept. of Endocrinolory & Reproduction,
Erasmus University Rotterdam in collaboration with Dr. A.O. Brinkmann, C. Berrevoets, and
M. Verleun, who are gratefully acknowledged.
rr7
Chapter 8
aggressive responses to gonadal steroids were performed using animals castrated
around puberty [van Oortmerssen e/ al., 1987]. Accordingly, the differential CNS
susceptibility to androgens and estrogens must have been organized already before
puberty. As known from literature on sexual differentiation (chapter 1.5), the










POA cS MBH Am
Fig. 8-1: Cytosolic fHl-RlB8l binding (ARc) itt pooled (n=8) mediobasal hypothalamus
(MBH), preoptic area (POA), caudal septum (cS), and amygdala (Am) of castrated adult
aggressive SAL (open bars) and non-aggressive LAL males (hatched bars).
8.2 Neonatal androgenization affects SAL LAL differentiation
The next series of experiments were aimed to investigate whether neonatal
androgens affect adult aggressive behavior, reactivity to gonadal steroids, and the T-
dependent VP system in the brain.
After one neonatal TP injection, aggressive behavior is further reduced in the
LAL males, whereas the attack latency score of SAL males is not affected (chapter
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androgens or estrogens only in the LAL males. This indicates that neonatal SAL and
LAL brains already differ in sensitivity to T. Accordingly, a prenatal differentiation of
brain susceptibility to gonadal steroids should exist.
The apparent prenatal differentiation of the SAL and LAL brains can be
studied in females of the same selection lines, since females do not produce
androgens neonatally [Motelica-Heino et al., 1988, chapter 1.5.1]. SAL females show a
higher aggressive response to adult chronic T exposure, as compared to LAL females
(chapter 5). These results show that also females of the two strains differ in the brain
sensitivity to either androgens or estrogens at adult age. To investigate whether
similar brain differentiation processes are involved in females as observed previously
in males, SAL and LAL females were neonatally androgenized and tested for adult
aggressive behavior. From the sexual differentiation literature it is known that in
females neonatal androgenization is essential to show an aggressive response to adult
E, treatment [Edwards & Burge, 1971; Klein & Simon, 1991; Simon & Gandelman,
1978; Simon et al., 1985; van de Poll et al., 79861. Indeed, all neonatally androgenized
SAL females showed a high aggressive response to chronic estradiol treatment at
adult age, whereas similarly treated LAL females failed to do so. Neonatal TP
treatment did not affect adult T sensitivity, as compared to non-androgenized SAL
and LAL females. Apparently, neonatal TP treatment results in a brain sensitivity to
E, in SAL brains and does not affect the female LAL brain. Accordingly, the study in
females also suggests a neonatal difference in CNS sensitivity to T between SAL and
LAL mice. Hence, a prenatal differentiating factor exists, resulting in a variation
between SAL and LAL animals in neonatal CNS sensitivity to T.
The experiments on the influence of neonatal T on the adult septal VP fibers
point into the same direction. As discussed in chapter 1.5.3 and 6, the [5 VP fiber
density is sexually dirnorphic, which depends on neonatal androgens [de Vries er a/.,
1983; Szot & Dorsa, 1993; Wang et al., 19931. Neonatal androgenization appeared to
reduce the LS VP-ir fiber density in the LAL males, whereas the VP-ir of SAL males
is not affected by neonatal T exposure. This reduction raised some intriguing
questions on the exact role of the neonatal neuroendocrine environment in the
development of the VP network (chapter 6). However, more important for the
present discussion is the fact that these results again indicate a neonatal down-
regulation of androgen or estrogen sensitivity in adult LAL brains.
In summary, the results of chapters 3, 4, and 5 show a neonatal differentiatior
in CNS sensitivity to T in SAL and LAL selection lines, suggesting that thir
differentiation has already been established Drenatallv. These experiments also shov
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that neonatal T treatment has permanent consequences to adult behavior and brain
organization. Accordingly, it is most likely that both prenatal and neonatal processes,
which are dependent on gonadal steroids, are involved in the differentiation between
the two selection lines. Hence, the next series of experiments were aimed at the
pattern of circulating T and the development of brain aromatase activity during
ontogeny.
E.3 Perinatal testosterone and its metabolism
The discussion so far is based on the assumption that a strong differentiation
exists between SAL and [,AL fetuses and neonates in gonadal steroid related
processes. Accordingly, the final experiments (chapter 7) were aimed to investigate
the fetal and neonatal plasma T levels and brain aromatase activity levels of SAL and
LAL male mice. Analysis of the results revealed that at the combined embryonic days
L7 and 18, LAL male fetuses exhibit higher plasma T levels than SAL males of
similar age. In both selection lines the preoptic AA levels increase, but no differences
exist in between SAL and I-AL males at this stage of development. Neonatally, the
opposite occurs, r.e. SAL males have higher circulating levels of T together with a
higher AA in the amygdala, as compared to LAL pups. These results confirm the idea
that the two types of males differ in perinatal pattern of plasma T and the
development of brain AA.
The selection for SAL and I-AL mice apparently is related to a dissociated
occurrence of T surges during the period around birth. As has been reported
previously, males generally exhibit two peaks, one before and one immediately after
birth (chapter 1.5.1). However, LAL and SAL males each exhibit only one surge
either before or after birth, respectively. It is tempting to consider the possibility that
this differential occurrence of prenatal and neonatal T peaks forms the basis of a
differential development of androgen and estrogen receptors in the brain, resulting in
adult differences in CNS sensitivity to gonadal steroids, conversion of androgens, and
neuropeptide synthesis.
8.4 Ontogeny of brain gonadal steroid receptors
r20
The ontogeny of the gonadal steroid receptors, available in the cytosol or
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nucleus, is not fully known yet. However, the available l iterature suggests the
following developmental process. During late gestation in the brains of male fetal
guinea pigs more ARn were found in the POA, mediobasal hypothalamus, septum,
and amygdala, than in the female ones [Toyooka et al., 19t39]. Prenatal (maternal) TP
treatment appeared to induce a high Arn in the female brains, whereas male Arn was
not affected by the treatment, presumably because of a maximal receptor occupation
by high endogenous T levels [Toyooka et al., 19971. Accordingly, high prenatal T
seems necessary for the development of a functional androgen receptor.
The development of estradiol receptors has been investigated by means of
aggressive behavioral studies. As outl ined by Simon et aL.,19931, the estrogen receptor
system is established neonatally. Evidence is provided by the facts that adult E,
treatment does not facilitate aggressive behavior in intact females. However, if genetic
females are exposed to T neonatally, they get aggressive after adult E, treatment.
Furthermore, prenatal T is not sufficient to activate ER, since neonatal castration of
males results in an insensitive ER system.
Accordingly, the establishment of androgen and estrogen sensitive receptor
systems occurs in a separated time frame. The AR system is organized prenatally,
whereas the ER system is induced neonatally. The prenatal T surge seems to be
involved in the organization of the AR system, whereas the neonatal T surge mainly
affects the ER system. To what extend does this explain the differentiation between
SAL and LAL males as presented in this thesis? Therefore, the main results are
summarized separately for SAL and LAL and will be discussed on the basis of the
present working hypothesis of brain gonadal steroid receptor development.
SAL
- The SAL males show low circulating T levels prenatally and high levels
neonatally, as compared to LAL males. Neonatally, the Arn AA is probably
induced by the high endogenous plasma T levels in the SAL males (chapter 7).
This higher neonatal T surge might explain the higher Arn AA in the neonatal
SAL male. The ER might be activated as a consequence of the neonatally
higher AA in the SAL males, due to the higher E, formation locally in the
brain.
- In the adult SAL male, the aggressive response to chronic T or E, exposure is
higher than in LAL males ([van Oortmerssen et al., 1987, section 8.1) and
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females (chapter 5) indicating a more sensitive ER system. In contrast, lower
sensitivity of the AR system is supported by the lower brain AA and IS-BNST
VP-ir projection in the SAL, as compared to the LAL males (chapters 2, 3).
- In SAL males, neonatal TP treatment does not affect either the adult
aggressive behavior or the LS VP-ir, probably because the endogenous
circulating T level is already high (chapters 4, 6,7).
- In SAL females, neonatal androgenization results in a sensitization to Er-
induced aggressive response (chapter 5). This is again consistent with the idea
that neonatal T affects the development of the ER system.
LAL
- Circulating plasma T levels are higher prenatally and lower neonatally in the
LAL males, as compared to SAL maies (chapter 7). According to the working
hypothesis of gonadal steroid development, this prenatal T surge might activate
the AR system. Neonatally, however, the LAL males have a iow T surge,
resulting in a much smaller activation of the ER system.
- The lateral septal VP-ir and POA AA is higher in I-AL than SAL males, which
is consistent with a more sensitive AR system (chapters 2, 3, 8.1). LAL males
are less sensitive to the aggression-eliciting properties of T and E, than SAL
animals, indicating a less sensitive ER system in the LAL males [van
Oortmerssen et a\.,1987, chapters 5, 8.1].
- That neonatally androgenized LAL females do not react to E, at adulthood
with respect to aggressive behavior (chapter 5), suggests that the ER system is
not activated in the LAL neonatally.
The results concerning the adult differential CNS sensitivity to gonadal steroids
in relation to the perinatal patterns of T and its metabolism, seems to fit to the
above-described working hypothesis (Fig. 8.2). Hence, the high prenatal T surge in
the LAL males might result in a sensitive adult brain AR system, whereas the
neonatal T peak in the SAL males probably causes a sensitive brain ER system. This
differential CNS sensitivity to gonadal steroids results in a variation of T-dependent
mechanisms in the brain and aggressive behavior. The study with neonatal T
manipulation in the SAL females confirms the idea of neonatal establishment of a
122
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sensitive ER system. Apparently, in males of this selection line neonatal T treatment
does not influence the adult neural sensitivity to Er, presumably due to the already
high endogenous circulating levels. However, in the LAL females, neonatal T
exposure is not adequate to sensitize the ER system. In fact, in the LAL males
artificial neonatal TP treatment results in lower I-S VP-ir and less aggressive behavior
at adulthood, whereas SAL males are not influenced (chapters 4, 6). This indicates
that only in LAL males neonatal T treatment downregulates the CNS sensitivity to
androgens. This phenomenon is difficult to explain in the framework of the working
hypothesis mentioned above. It seems likely to assume a downregulation of the AR
system in LAL animals after artificial neonatal T treatment'
_ T















Fig. &2: Schematic summary of the adult differences in aggressive behavior, baseline plasma
tes tos terone(T) teve ls ,b ra inaromataseac t iv i t y (AA) ,vasopress in (VP)andtheundcr ly ing
pattem of peinatal plasma T levels and brain AA in SAL and LAL males'
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So far, the so called neural sensitivity to gonadal steroids is not defined,
although it involves a variety of elements, including receptor density or affinity,
intracellular transport, genomic binding capacity, transcriptional activating functions
(TAF), etc. In the current thesis,'brain sensitivity' implies these so far unknown
factors of steroid actions on brains of SAL and LAL mice. This terminology
oversimplif ies the picture certainly, therefore future research should be directed to
the molecular mechanisms underlying the differential neural sensitivity.
Despite the fact that much more experimental evidence is necessary to prove
or disprove the working hypothesis, the most intriguing result is that the selection for
aggressive SAL and non-aggressive LAL mice reflects a differential time frame of
neuroendocrine parameters during early ontogeny. According to the standard
literature on sexual differentiation, a genetic male has both a prenatal and a neonatal
T surge [Corbier et al., 19]8; Erskine & Baum, 1982; Motelica-Heino et al., 1988;
Slob er al., 1980: Vom Saal & Bronson, 1980; Weisz & Ward, 19801. The present
studies show that these two T peaks are separated between the two selection lines,
probably resulting in a differential organization of gonadal steroid receptor systems.
According to the working hypothesis, this differentiation in plasma T surges plays a
critical role. Therefore, these results will be discussed in relation to some other
aspects of perinatal endocrinology.
The differential occurrence of plasma T peaks is also reflected tn Ihe in vitro
activity of the testicular enzyme 3B-hydroxy steroid dehydrogenase (38-HSD) [de
Ruiter el al., 79931. However, the amount of lrydig cells, as determined by 3B-HSD
activity, shows the opposite pattern as compared to the actual circulating T level. This
might be explained by the assumption that the increase in plasma T concentration is a
result of adrenal steroid genesis. However, it has been demonstrated that adrenal
androgens are not the source of circulating plasma T concentrations in rat and mice.
Van Weerden et al. (1992) have shown that adrenals of rat and mice lack the enzyme
l7a-hydroxylase, which is necessary to synthesize C-19 steroids. Accordingly, adrenal
production of T precursors, I ike androstenedione and dehydroepiandrosterone does
not occur, and obviously do not contribute to plasma levels of T. Alternatively, the
3B-HSD activity is probably a reflection of the androstenedione (A) rather than T
production during development (see Fig. 1.1). Actually, in guinea-pigs the ratio of T /
A production is lower in immature than postpubertal animals, as compared to adults.
This suggest a differential occurrence of T producing enzymes, like 3B-HSD and 77ll-
hydroxysteroid oxidoreductase, in the testes during development [Hoschoian er al,
1991]. In conclusion, the apparent discrepancy between 3B-HSD and the occurrence
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of plasma T surges is hard to interpret as long as the exact development of the
gonadal steroid synthetic pathway in relation to circulating T is unknown.
Another puzzling problem is the fact that the ano-genital distance (AGD) is
longer in SAL than in LAL animals [de Ruiter et al., 1993].It has been suggested that
a longer AGD is positively correlated with the prenatal plasma T level [Vom Saal,
1983]. However, in view of the high prenatal T surge in the LAL fetuses, a long AGD
was expected in the males of this selection line. Again, the apparent discrepancy with
the plasma T data is hard to interpret. Probably, the development of gonadal steroid
action on peripheral systems differs from that on the CNS. This is also observed by
van Oortmerssen e/ al. [1987] for another peripheral system, l.e. seminal vesicles. A
significant difference was observed between SAL and LAL males in T induced
aggressive behavior, whereas no differences were found in seminal vesicle weights.
This suggests that the neural sensitivity to gonadal steroids is differently organized, as
compared with peripheral organs.
In conclusion, all aspects of perinatal androgen (effects), including plasma T,
AGD, 3B-HSD, AA, VP, or manipulation studies indicate strong differences between
SAL and LAL males. The question how these aspects fit together requires much
further research. However, at the level of the CNS and behavior, it seems that the
interaction between gonadal steroids and the development of the gonadal steroid
receptors may explain most of the results obtained so far.
8.5 Masculinization and defeminization?
In general, these organizational effects of perinatal androgens have been
regarded for decades in terms of masculinization and defeminization processes. It is
well known that neonatal T exposure masculinizes (aggressive) behavior at adult age
in both males and females [Bronson & Desjardins, 1968; Edwards, 1968] by enhancing
the CNS sensitivity to gonadal steroids [Gandelman, 1980]. In addition it is known
from literature on sexual differentiation that both prenatal and neonatal T sensitize
the brain to T-dependent behavior [Hoepfner & Ward, 1988]. The results presented
in this thesis indicate that perinatal androgens are also involved in the individual
differentiation within the male sex. However, neither SAL nor LAL type animals can
be characterized as more or less masculinized or defeminized. For example, LAL
adults seem to have a more masculinized VP and aromatase system, as compared to
the SAL line, whereas the SAL animals react more masculinized to the aggression-
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eliciting properties of T and E,, according to the literature above. This indicates the
existence of a much wider and more subtle range of characteristics than only the male
- female differentiation. Obviously, a more precise analysis of genetic factors in
relation to the detailed neuroendocrine development is necessary to fully appreciate
the importance of these ontogenetic processes in the adult differentiation in behavior
and physiology.
8.6 Genes and testosterone-dependent aggression
So far, only the neuroendocrine involvement in the adult differentiation of
aggressive behavior has been discussed, whereas the genetic aspects are limited to the
use of the two selection lines. However, as pointed out in chapter 1, behavior is a
result of a continuous interaction between genes and neuroendocrine state of an
individual. The effects of gonadal steroids on the brain are a good example of such a
continuous interaction, because of the direct genomic effects of T and Er, as has been
studied by the VP system (chapter 2, 6). The receptor density is possibly regulated by
hormonal feedback mechanisms, whereas for instance the TAF structure of the
receptor itself is a more direct expression of genetic information, resulting in a
variation in transcriptional activity of the DNA.
As discussed in 8.4, the main differences between the two selection lines can
be reduced to a differential occurrence of the prenatal and neonatal T surge. Most of
the other developmental differences seem to be a consequence of this basic
difference. However, the question is to what extend the genes contribute to the
observed differences in perinatal neuroendocrine parameters. For example,
information located on the Y chromosome might be involved in the adult variation in
aggression [Carlier et al., 1990; van Oortmerssen ef al., 1,992]. The so called pseudo
autosomal region (PAR) of the Y chromosome is exchanged with the PAR on the X
chromosome. A potential involvement of the Y chromosome in the adult genetic
differences in aggression is suggested, possibly related to the information coded on
the PAR in interaction with autosomal genes [Roubertoux et al., 1,993; Sluyter et al.,
1993; van Oortmerssen & Sluyter, 1994].
t26
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8.7 Testosterone and coping
The former discussion undoubtedly suggest the relation between adult
aggressive behavior and developmental interactions between genes and
neuroendocrine parameters. An interesting question is to what extent the different
coping strategies are related to the variation in neuroendocrine factors during
ontogeny. First of all, as delineated in chapter 1.2, both SAL and LAL animals are
functional for a house mouse population to survive. As a consequence, the differential
neuroendocrine background in these mouse types is functional as well. Both types
represent a different dynamic physiological state, which is necessary to cope with the
environment actively or passively. Hence, neither SAL nor LAL is abnormal due to
possible genetic selection artefacts. lt is difficult to relate directly the divergence of
plasma T levels during the critical period around birth as the only factor to contribute
to the development of active or passive coping.
8.8 Concluding remarks
The separated appearance of T surges during ortogeny within the male sex of
wild house mice probably causes a differential development of T-dependent neural
systems resulting in an individual variation of adult expression of aggression and CNS
organization. As a result of this thesis many questions remain to be solved and new
questions were raised as well. Therefore it would be interesting in future research to
focus on the molecular mechanisms of T action on the brain, specifically on the
development and functioning of the gonadal steroid receptor systems perinatally and
at adult age. Furthermore, the role of the hypothalamic-pituitary-gonadal axis in the
differential T surge appearance during ontogeny remains an intriguing question.
In general, the balance of and between each physiological system in an
organism is organized during ontogeny, and depends on several cascades of
(temporal) interactions with the genes. Also in human a differential organization of
these physiological reaction cascades during ontogeny, might be the basis of the inter
individual differences in social behavior between and within the male and female sex.
The possible individual difference in physiology during development has consequences
for future medical and pharmacological research, because each individual reacts in its
own way to therapeutic treatments.
r27
